RalA and RalB are members of the Ras-like GTP-binding protein family. To investigate if Ral GTPases play a role in development, temporal and spatial patterns of RalA and RalB gene expression were examined during embryogenesis. RalA and RalB had tissue-speci®c pattern of expression in developing organs. Both GTPases were expressed in endodermal derivatives in the digestive tract, kidney, mesonephros, gonad, adrenal gland, trachea, and blood vessels. RalA and RalB were also expressed in the ectodermal derivatives in the brain, spinal cord, ganglia, eye, skin, hair, whiskers, and teeth. RalA and RalB were also expressed in some mesodermal tissues including the lung mesenchyme and myocardium. Tissue recombination experiments showed that of Ral expression was increased by epithelial-mesenchymal interaction in the lung, indicating that Ral expression is functionally regulated. These data identify that RalA and RalB as inducible GTPases in the developing embryo. q
Results and discussion
Organ formation is controlled by epithelial-mesenchymal interactions in the developing embryo (Sanders, 1988; Thesleff et al., 1995) , which involve extracellular signaling factors (e.g. growth factors). Intracellular signal transduction of growth factors may be mediated by GTPases that hydrolyze GTP into GDP (Bos, 1998; Bourne et al., 1991) . However, little is known about the roles of GTPases in embryonic development.
A number of GTPases including Ral proteins (RalA and RalB) have been identi®ed in vertebrates (Bos, 1998) . Similar to other GTPases, Ral proteins are active in the GTPbound form and are inactive in the GDP-bound form (Bos, 1998; Bourne et al., 1991) . Cell biology studies have shown that Ral proteins in¯uence cell proliferation and differentiation and cytoskeleton organization (Bos, 1998; Ohta et al., 1999; Urano et al., 1996) , raising the possibility that these factors may play a role in development.
To investigate the roles for Ral GTPases in embryogenesis, we ®rst isolated murine RalA and RalB cDNAs. Search of the NIH mouse EST (expression sequence tag) database resulted in 24 overlapping clones. These clones were used to construct a fragment of 2.54 kb RalB cDNA that contained an open reading frame, a putative polyadenylation signal sequence, and a poly(A) 1 tail (GenBank accession number, AF174296). Reverse transcription-coupled polymerase chain reaction (RT-PCR) and DNA sequencing were performed to con®rm the identity of the RalB sequence. The deduced peptide of RalB (206 amino acids) shares 58.7% similarity with that of RalA, with a difference in the G-4 domain (Fig. 1) , a binding site for the guanine exchange factors (Bourne et al., 1991) .
The coding sequence of murine RalA was also ampli®ed with Pfu DNA polymerase (GenBank accession number, AF244951). Sequences of the PCR products revealed four single nucleotide differences from the sequence of CAA88488 in the GenBank.
Spatial and temporal patterns of RalA and RalB expression during embryogenesis were examined from E9.5 to E16.5. These two genes had very similar expression patterns, with lower hybridization signals for RalA (data not shown). Whole-mount in situ hybridization detected expression of RalA and RalB at E9.5 in the brain and gut ( Fig. 2A) . At E10.5 expression was also seen in the heart, limb buds, and craniofacial structures (data not shown). In situ hybridization of tissue sections showed expression of these genes in the central and peripheral nervous systems from E12.5 to E16.5. In the brain, the expression was seen in the neural ectoderm, with higher levels in the choroid (00)00427-5 www.elsevier.com/locate/modo plexus, paraolivary nucleus, and future CA3 region of the hippocampus (Fig. 2B ,E). In the peripheral nervous system, expression of RalA and RalB was observed in the dorsal root, trigeminal, and facial ganglia (Fig. 2C ,D,F). RalA and RalB were also expressed in the developing eye (retina and lens) from E9.5 ( Fig. 2A ).
RalA and RalB were expressed in the myocardium (mesodermal derivative) and endocardial cushions (mixture of endodermal and ectodermal derived cells) of the developing heart from E9.5 to E16.5 (Fig. 3A,B ). Higher levels of expression were seen in the apical edge of the endocardial cushions in the fusion seam of the septa at E12.5 and E13.5 (Fig. 3A,B) . This is the critical period for formation of the septa (Vuillemin and Pexieder, 1989) , and it has been shown that the fusion seam of the atrioventricular cushions contains cells undergoing programmed cell death (Zhao and Rivkees, 2000) . These two genes were also expressed in the epithelium of blood vessels (data not shown).
From E12.5 to E16.5, expression of RalA and RalB was observed in the epithelia in the digestive tract and tubules of the mesonephros, metanephros, and gonad (Fig. 3C,D) . In the kidney expression was present in the Bowman's capsules (endodermal derivative), but not in the collecting tubules (mesodermal derivative; Fig. 3E ; Kuure et al., 2000) . In the developing lung, expression of RalA and RalB was detected in the mesenchyme, but not in the endoderm (Fig. 3F) . These genes were also expressed the submandibular glands, thymus, trigeminal gland, pancreas, adrenal gland, liver, and the olfactory and tracheal epithelia (data not shown).
Expression of RalA and RalB in the developing skin was detected from E11.5, with higher levels in the epidermis at E14.5±E16.5 when certain degrees of keratinization were present (Fig. 3G) . In the hair and whisker follicles, these genes were exclusively expressed in the epidermal components ( Fig. 3H ; Paus et al., 1999) . Expression of RalA and RalB was also detected in the epithelial components and mesenchyme of the tooth germs from E12.5 to E16.5 (data not shown).
Because in situ hybridization showed that RalA and RalB were speci®cally expressed in the juxtaposed epithelial and mesenchymal tissues of the developing organs, we next assessed if Ral GTPase expression is regulated by tissue- tissue interaction, which controls various aspects of organogenesis. Thus, tissue recombination experiments were performed using isolated lung mesenchyme and epithelium. The lung provides a useful model for this investigation for three reasons. First, in vitro culture of embryonic lung tissues has been well established (Bellusci et al., 1997) . Second, RalA and RalB are exclusively expressed in the lung mesenchyme. Third, isolated lung mesenchyme is viable in serum-free culture conditions (Bellusci et al., 1997) . When isolated lung mesenchymal explants were cultured alone (n 8), they did not express RalA or RalB (Fig. 4A) . In contrast, in the recombinants of mesenchyme/ endoderm (n 8), expression of RalA and RalB was detected in the mesenchymal cells that had contact with the endoderm (Fig. 4B) .
Overall, the above data show that RalA and RalB
GTPases have dynamic and tissue-speci®c expression patterns during embryogenesis, and that these genes may be involved in developmental processes. In general, these genes are expressed in the ectodermal and endodermal derivatives, except for the cardiac myocardium and lung mesenchyme, which are derived from the mesoderm. Tissue recombination experiments demonstrated that expression of these genes is regulated by epithelial-mesenchymal interaction in the developing lung, showing that the Ral GTPases are functionally regulated in organogenesis. Future work is indicated to investigate the function and regulation of RalA and RalB GTPases in development.
Experimental procedures

Isolation of RalA and RalB cDNAs
The NIH mouse EST database was searched using the BLAST program (Altschul et al., 1997) , with conserved amino acid sequences among human, rat, and Xenopus RalB proteins (Chardin and Tavitian, 1989; Moreau et al., 1999; Wildey et al., 1993) . Total RNA was isolated from E10.5 murine embryos using RNeasy kit (Qiagen). RT-PCR was performed using SuperScript cDNA synthesis kit (Life Technology) and HotStar Taq (Qiagen) or Pfu DNA polymerase (Stratagene). PCR products were sequenced using a RBI automated sequencer,
In situ hybridization
Murine embryos of C57BL/6J were collected at different stages, with the presence of a vaginal plug designated as embryonic day (E) 0.5. Riboprobes of RalA (coding region) and RalB (1570 bp of the 3 H untranslated region) were prepared and whole-mount in situ hybridization was performed as described by Wilkinson (1992) . Section in situ hybridization was carried out following the procedures described by Schaeren-Wiemers and Ger®n-Moser (1993) . Sections were counterstained with 0.1% safranine A.
Tissue recombination
The endoderm and mesenchyme of E11.5 lung buds were . avc, atrioventricular cushion; Bc, Bowman's capsule; ct, collecting tubule; dm, dermis; dp, dermal papilla; ds, dermal sheath; du, duodenum; ep, epidermis; la, left atrium; li, liver; lo, lobe; lv, left ventricle; mn, mesonephros; ms, mesenchyme; rs, root sheath; st, seminiferous tubule; te, testis; vi, villi. Scale bar, 150 mm (A); 300 mm (B); 400 mm (C,D); 200 mm (E,F); 100 mm (G,H). separated as described by Bellusci et al. (1997) . Tissue recombination was performed on collagen gel cushions, pH of which was adjusted to 7.4 with 0.75% NaHCO 3 . Explants were cultured in a serum-free medium (DMEM-F12, 10 mg/ml transferrin, 100 mg/ml ascorbic acid) for 48 h at 378C in 5% CO 2 and 95% air. At the end of culture, explants were ®xed with 4% paraformaldehyde in phosphate buffered saline (pH 7.4) and subject to whole-mount in situ hybridization.
